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Abstract
Different methods results of data processing applied to measurements of vibrations machines (pumps P-1, P-2 and P-3) and 
support structures using different measurements techniques (OMA, EMA, ODS) are presented and discussed in the paper. 
Dynamics measurements of structures were performed with the use of a multichannel PULSE system, manufactured by the Brüel 
& Kjær. The main purpose of the dynamical measurements was to establish source of big excitation for P-2. Vibration velocity of 
pump P-2 gain 7 mm/s in case of pump P-2 not working and pump P-3 working. According to the standard ISO 10816-3 it is 
close to dangerous zone. 
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1. Introduction
Structures supporting machines must fulfil the conditions of use specified in the standard [1], another standard [2] 
imposes a restriction on the vibration of machines alone. Failure to comply with the standard [2] by pumps located 
on the reinforced concrete ceiling were the direct reason of the investigations. Because the excessive vibration could 
be caused by both the construction and the machinery, the different types of measuring dynamic analysis (OMA, 
EMA, ODS) were carried out. The paper demonstrated that in this case the principal cause of excessive vibration is 
resonance, i.e. the excitation frequencies matches the system's natural frequencies. The primary method of preven-
tion against excessive vibration is the detuning of the system, i.e. such a modification of natural frequencies of the 
structure to differ from the excitation frequency. Examples of modifications of structure are presented in this paper.
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2. Basic information about the structure and pumps
The ceiling is expansion of concrete mezzanine surrounding pump house building. It is a monolithic reinforced 
slab-beam concrete floor, supported by columns with a cross section of 300 u 250 mm and on external by brick wall 
with thickness of 2 bricks. Main beam is a 3-span substring of the cross-sectional dimensions buh = 250 u 450 mm 
based on the pillars. The length of each span of the substring is 2.26 m. Secondary beams - single-span ribs of length
3.65 m and a cross-section buh = 250 u 450 mm (central area) and buh = 200 u 450 mm (external area) are based on 
substring - the one side, and on the external wall - the other side. Trimmer beams closing holes of pump P-1, P-2, 
P-3, which (with ribs) support the pump motor are also made from reinforced concrete. Dimensions of cross-
sectional trimmer beams are buh = 300/400 u 400 mm (cross-convergent) and the length is 1.12 m. On all of these 
beam elements rests the reinforced concrete plate with a thickness of 70 mm. The system of floor’s layers (from top
to bottom) is as follows: tile - 10 mm, cement screed with an average thickness of 50 mm, structural reinforced 
concrete slab - 70 mm cement plaster - 10 mm. The motors are attached to the ribs and trimmer beams with the use 
of the steel frame. Technological load of floor, in addition to pumps, provide all the installations and pipeline 
suspended to the ceiling. For the analysis, the following parameters of concrete are adopted: concrete grade B25 
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*3DGHQVLW\ȡ NJP3. Technical parameters of
pumps are presented in Table 1.
Table 1. Technical parameters of the pumps.
Symbol Power Voltage Rotational speed Weight
[kW] [V] [RPM] [Hz] [kg]
P-1 250 6000 1487 24,78 2160
P-2 132 6000 1491 24,85 1950
P-3 250 6000 1470 24,50 1750
Fig. 1. The geometry of the floor.
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3. Description and results of modal analysis
3.1. Description of measurement
Sixteen accelerometers were mounted to the slab (Fig. 1 - numbers from 1 to 16), the dot denotes the vertical 
configuration of the transducer, accelerometer measuring horizontal directions is indicated by the arrows. Pumps’ 
vibrations were measured by means of six accelerometers (numbers 18 to 23 in Fig. 1). The vibrations of the floor 
were measured by means of high-sensitivity (10 V/g) accelerometers type 8340 Bruel & Kjaer. Much less sensitive 
(1 V/g) accelerometers type 4507B-005 were used for measurements of pumps’ vibrations. Accelerometers mounted 
to the pump are shown on Fig. 2.
Bruel & Kjaer front-end 3560 C was applied for data acquisition. The cassette 3560 C has 17 input channels,
which due to Dyn-X technique reach 160 dB input dynamic, maintain perfect linearity (r 0.05 dB) and very low 
phase difference. LabShop by Brüel & Kjaer, including a module for Operational Modal Analysis by company SVS 
was the main software used for analysis, additionally for Experimental Modal Analysis software MeScopeVes by 
Vibrant Technology was applied. Depending on the particular type of analysis performed different lengths of 
recording as well as different types of excitation were used.
Experimental Modal Analysis (EMA). The idea of Experimental Modal Analysis (EMA) is to determine the 
dynamical (modal) characteristics of structures by simultaneous measuring excitation applied to the structure and the 
response of the structure. Generally excitation is applied with use of modal hammers with force measurement. The 
measurements for EMA were performed with non-working pumps. Six piezoelectric accelerometers, types 
4507B-005, and modal hammer BK 8210 with a mass of 5.44 kg with built-in force sensor were used (Fig. 2). The 
soft rubber tip to the hammer was tightened, because it gave an opportunity to submit a sufficiently large force in the 
low frequency range. Excitation by means of the hammer at 12 points on the mezzanine floor in the vertical 
direction and four points in the horizontal direction was performed. Furthermore places where accelerometers were 
attached to the pumps were also excited. Localisation of the accelerometers and places where hammer hit was 
applied are shown on Fig. 3.
Fig. 2 Impact hammer type BK 8210 and accelerometers.
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Fig. 3. Location of excitation (hitting) by impact hammer.
Modal analysis was performed with the frequency range 0-100 Hz and the resolution of 0.25 Hz. The structure 
was excited by hammer hit; at every point three hits were applied. From every hit FRF function (frequency response
function) was obtained. For further analysis average of these three measurements was used. The measured FRF
together with the geometry of the object were sent to MeScopeVes software, where the next part of EMA was 
performed. The set of measured FRF is used to determining the modal parameters by means of curve fitting 
technique. Each of the modes are characterized by frequency, damping factor (fraction of critical damping) and 
modal shape.
Operational Modal Analysis (OMA). The advantage of Operational Modal Analysis in comparison to 
Experimental Modal Analysis is primarily the fact that there is no need of knowing parameters of excitation force.
OMA algorithm operates on system response measurement only. This response is caused by any operational and 
random load; excitation should be a white-noise type. It is an additional assumption for OMA which is not needed 
for EMA. The machines within the analysed mezzanine were turned off during the measurement, however, other 
machines in the hall worked, which could have been a distortion of the nature of the desired excitation (excitation 
there was no white noise). The results of this analysis to validate the theoretical dynamic model of the whole 
structure were used. Two time-histories of the length 60 minutes each were recorded as well as two modal analyses
were performed. More on the theoretical foundations of used measurement techniques are presented in [3, 4].
3.2. The results of the modal analyses.
Table 2 summarizes the results obtained from the two types of modal analysis. Results of numerical modal 
analysis performed using FEA package are presented also in Table 2.
Table 2. Summary of eigenfrequencies and damping values.
Experimental Modal Analysis Operational Modal Analysis FEM*
Mod Eigenfrequency [Hz] Damping [%] Eigenfrequency [Hz] Damping [%] Eigenfrequency [Hz]
1 15,3 2,65 13,93 0,9415 -
2 21,4 1,37 20,80 0,35 -
3 22,7 1,44 22,58 0,9852 -
4 24,7 1,61 - -
5 26,9 1,29 28,25 0,1299 27,84
6 32,61 1,306 30,48
7 37,41 1,575 36,64
8 41,87 0,7928 -
* the Finite Element Model was validated with respect to their two frequency 28 Hz and 32 Hz.
As a result of Experimental Modal Analysis 6 sets of functions FRF were obtained. All the functions of the FRF 
are shown In Fig. 4. The graph with FRF contains ranges in which response of the structure with great amplification 
can be seen - that likely are resonances.
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Fig. 4 The set of FRF functions.
For the above set of functions first five modes were extracted - listed in Table 2. A perspective view of
eigenshape corresponding to the fifth eigenfrequency is shown in Fig. 5. This mode can be identified with the 
character of deformation structure when it is excited with the resonant frequency.
Fig. 5. EMA, the fifth form of vibration - 26.9 Hz.
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Fig. 6. Vibration with frequency 24.7 Hz, only pump P-3 is switched on.
4. Operating Deflection Shape (ODS)
As a result of ODS analysis animation of structure’s vibration under actual working conditions can be done. The 
hardware configuration is similar to the OMA measurements. Only response of structure is measured in the same set 
of points which was chosen for OMA. By means of ODS analysis, one can find how the structure oscillates, how big 
is the absolute amplitude at any point. ODS analysis was carried out using 16 seismic accelerometers type 8340 to 
measure vibration on the upper surface of the mezzanine and 6 accelerometers type 4507B-005 to measure
horizontal vibration of machines. ODS analysis was performed in the frequency range 0-100 Hz and the resolution 
of 0.1 Hz with different configurations of working pumps.
The analysis of ODS can be concluded that in the case of working the P-2 only, the dominant frequency of 
structure is 24.9 Hz. When works only the pump P-3 dominant frequency is 24.7 Hz and high vibration levels occur 
in both the pump P-3 and P-2, as shown in Fig. 6. Form of vibration at a frequency of 24.7 Hz is very similar to the 
form of vibrations 24.7 Hz (determined in the analysis EMA) - the value of the MAC parameter for the two forms 
equals to 0.89.
5. Proposals of structure’s modifications – changes in the vibrations’ amplitude
Overlapping construction’s eigenfrequencies with excitation frequency (resonance) is the principal reason of 
excessive vibration in the present case. The remedy to prevent excessive vibration is detuning of the system, i.e.
such a structure modification in order to eigenfrequencies of the floor would differ from the excitation frequencies. 
Examples of such modifications in case of working pump P-3 as an excitation source are presented in this section.
Table 3 contains the amplitude of the measured speed of the machines, without modification of the structure 
(actual structure), and the calculated values of vibration amplitudes for the proposed modifications. These 
modifications were made possible thanks to the possession of a calibrated modal model obtained from EMA. 
Vibration amplitudes were obtained for modified experimental model. Directions X, Y as well as number of points 
are shown in Fig. 1. The following methods of modifying the structure were analysed:
(1) the addition of two rows of 300 mm I beam - top flange of I-beam has level of the bottom surface of the slab.
In this case modifications of the construction, when the P-3 is activated the vibration velocity on the machine 
P-2 (+ 19Y) may be as high as 0.8 mm/s (cf. Tab. 3).
(2) the addition of two rows of 500 mm I beam - top flange of I-beam has level of the bottom surface of the slab.
In this case modifications of the construction, when the P-3 is activated the vibration velocity on the machine 
P-2 (+ 19Y) may be as high as 0.1 mm/s (cf. Tab. 3).
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(3) the addition of two rows of 300 mm HEB beam - top flange of HEB beam has level of the bottom surface of 
the slab. In this case modifications of the construction, when the P-3 is activated the vibration velocity on the 
machine P-2 (+ 19Y) may be as high as 1.1 mm/s (cf. Tab. 3).
(4) the expand of the foundation P-2. In this case modifications of the construction speed machine P-2 (+ 19Y) 
when activated P-3 may be as high as 0.5 mm/s (see. Tab. 5).
(5) the addition of two rows of 300 mm I-beam together with the expand the foundation P-2 - top flange of I-
beam has level of the bottom surface of the slab. In this case modifications of the construction, when the P-3
is activated the vibration velocity on the machine P-2 (+ 19Y) may be as high as 2,5 mm/s while on the
machine P-2 in the direction (+ 20X) may be as high as 7.7 mm/s (cf. Tab. 3).
(6) Additional resilient support (columns/struts) under the floor in points 6 and 8 (Fig. 7). In this construction’s 
modification, vibration velocity of machine P-2 (+ 19Y) when activated P-3 may be as high as 0.7 mm/s.
Table 3. The values of vibration amplitudes [m/s] of points on the pump without modification of the structure (actual 
conditions) and with the modification of the structure.
Pump DOF Actual
conditions
Modification number
(1) (2) (3) (4) (5) (6)
P-3
+18Y 4,03E-03 1,02E-03 5,00E-05 1,10E-03 3,30E-04 2,50E-03 5,81E-04
+23X 3,50E-04 9,10E-04 2,60E-04 1,57E-03 8,97E-04 4,09E-03 1,08E-03
P-2
+19Y 6,38E-03 8,30E-04 1,10E-04 1,11E-03 5,69E-04 2,46E-03 7,35E-04
+20X 8,90E-04 1,94E-03 2,40E-04 2,78E-03 2,34E-03 7,73E-03 2,66E-03
P-1
+22Y 6,30E-04 1,68E-03 1,70E-04 1,86E-03 5,78E-04 3,69E-03 9,60E-04
+21X 2,09E-03 6,60E-04 2,40E-04 1,91E-03 4,05E-03 6,96E-03 2,71E-03
Table 4. Eigenfrequencies of the actual and the modified structures.
Shape
Actual structure Modification (1) Modification (2) Modification (3) Modification (4) Modification (5) Modification (6)
f [Hz] ȟ [%] f [Hz] ȟ [%] f [Hz] ȟ [%] f [Hz] ȟ[%] f [Hz] ȟ [%] f [Hz] ȟ [%] f [Hz] ȟ [%]
1 21,4 1,37 23,8 1,34 27,1 1,26 25,2 1,27 20,7 1,64 24,8 1,32 21,8 1,39
2 22,7 1,44 26,7 1,39 30,5 1,09 27,6 1,30 21,5 1,49 26,8 1,35 26,2 1,38
3 24,7 1,61 27,7 1,22 40,5 0,891 31,2 1,14 23,1 1,51 29,2 1,09 161 0,202
4 26,9 1,29 33,5 1,01 64,4 0,504 43,1 0,76 26,6 1,32 40,9 0,86 276 0,136
f – frequency [Hz], ȟ – fraction of critical damping [%]
Fig. 7. Extending the foundation of P-2.
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6. Summary and conclusions
On the basis of measurements and modal analysis (OMA, EMA and MES) several eigenfrequencies of the floor 
with machines were identified (Table 2). The differences in results from different methods can arise due to the 
following reasons. OMA operates at low levels of excitations; therefore, it does not disclose non-linear effects in the 
structure. In the case of the EMA a much higher value of force is used (hitting with impact hammer), and thus may 
reveal a non-linear effects in the structures and the results of eigenfrequencies can reveal the influences of 
nonlinearity not depicted in the OMA analysis. The principal reason for discrepancies between OMA and EMA are 
assumptions which should be met with OMA analysis. Load acting on the structure should be a white noise type, it 
is possible to meet the assumption if force comes from the environment or technological activities, (eg. wind, the 
load of the bridge from passing cars). This method also successfully applied to study structural models under 
laboratory conditions [5, 6] as long as this requirement is fulfilled. In the present situation in the hall pumping 
station besides pumps P1 ÷ P3 worked many other machines and devices. In the case where the frequency of 
excitation of the machines is not constant - and this has been found on the basis of waterfall spectra - one cannot be 
excluded of the frequency analysis, for example by Kurtosis analysis. Deterministic excitations coming from other 
machines represent a quasi-random excitation and are wrongly interpreted by OMA algorithms. In the paper the vast 
superiority of the EMA technique was shown. It should be remembered that the EMA may only be used where there 
are opportunities for controlled excitation of the structure.
Thanks to ODS, one can watch the real forms of forced oscillations. Analysis OMA and the EMA give as a result 
modal eigenforms - the real forms of forced vibration are linear combination of mods. During the analysis of the 
received forms of forced vibrations significant influence of connection status reinforced concrete structure-machine
can be seen. The primary method of prevention against excessive vibration is the detuning of the system, i.e. such a 
modification of natural frequencies of the structure to differ from the excitation frequency (the conclusion reached 
on the basis of the EMA) and modification of machine connections-floor (the conclusion reached on the basis of 
ODS). Examples of modifications of structure at forcing generated by the pump P-3 are shown in paragraph 5. It is 
worth emphasizing that the modification number 4: the addition of two rows of 300 mm I-beam together with the 
expand the foundation P-2, who is in fact a sum of modification No.1 and No.2 gives worse results than each of 
them individually. This can be explained by dangerous shift of mode 1 in the vicinity of the excitation frequency 
coming from the pump P3 (cf. Table 4).
From the investigations described in this paper one can be derived another more general conclusion - in the case 
of complex dynamic problems analysis should not be limited to just one type.
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